ABSTRACT The Collaborative Cross (CC) is a mouse genetic reference population whose range of applications includes quantitative trait loci (QTL) mapping. The design of a CC QTL mapping study involves multiple decisions, including which and how many strains to use, and how many replicates per strain to phenotype, all viewed within the context of hypothesized QTL architecture. Until now, these decisions have been informed largely by early power analyses that were based on simulated, hypothetical CC genomes. Now that more than 50 CC strains are available and more than 70 CC genomes have been observed, it is possible to characterize power based on realized CC genomes. We report power analyses based on extensive simulations and examine several key considerations: 1) the number of strains and biological replicates, 2) the QTL effect size, 3) the presence of population structure, and 4) the distribution of functionally distinct alleles among the founder strains at the QTL.
Introduction

1
The Collaborative Cross (CC) is a multiparental population 
where 1 is an N-vector of 1's, µ is an intercept, Z is an N ⇥ n The allele dosage matrix X was generated by collapsing functionally equivalent haplotypes according to a specified allelic series. Let D be an n ⇥ 36 incidence matrix describing the haplotype pair (diplotype) state of of each CC strain at the designated QTL, with columns corresponding to AA,. . . , HH, AB, . . . , GH, such that, for example, {D} 3,1 = 1 implies CC strain 3 has diplotype AA. Then
where A is an 36 ⇥ 8 additive model matrix that maps diplotype 214 state to haplotype dosage (e.g., diplotype AA equals 2 doses of underlying the QTL, and 3) the allelic series (for a specified num- This procedure was performed for all loci across the genome,
296
resulting in a genome scan for y (s) .
297
Genome-wide significance thresholds and QTL detection.
298
Genome-wide significance thresholds were determined empir- The number of observations per strain were fixed at r = 1 and the background strain effect size was fixed at h 2 strain = 0% with the understanding that results from these simulations provide information on other numbers of replicates and strain effect sizes implicitly. Specifically, a simulated mapping experiment on strain means that assumes r replicates, strain effect h 2 strain , and QTL effect size h 2 QTL is equivalent to a single-observation mapping experiment with no strain effect and QTL effect sizē h 2 QTL , whereh 
416
To quantify population structure in the realized CC, we com- Figure 2 Simulated CC data and resulting genome scans. Five simulated genome scans are generated by the code provided in a simple example using our package SPARCC. Red dashed lines represent 95% significance thresholds based on 100 permutation scans. A blue tick represents the simulated position for a QTL that was successfully detected, whereas a red tick marks a QTL that was missed. These simulations were based on a specified set of 65 CC strains, five replicates of each strain, two functional alleles, 10% QTL effect size, and no background strain effect. The QTL is not mapped in the fourth simulation, ranked top to bottom, resulting in a power of 80%. Actual power calculations are based on a greater number of simulations.
or as the variance explained in the realized population (Defini-507 tion DAMB). In this section we focus on results using the first 508 of these, Definition B, owing to its more consistent theoretical and with large numbers of strains (>50) were found to be well-527 powered to detect large effect QTL (>40%) (Figure 3 [top] ). 
588
In additional null simulations that where strain effects were 589 correlated due to realized genomic similarity, QTL scans assum-590 ing independent strain effects (and thus, exchangeability) had 591 elevated FPR (Figure 6 and larger QTL effect sizes (Figure 7) .
617
These results also imply that the Beavis effect is reduced by replicates and QTL effect size described in Eq 4.
632
Allele frequency imbalance reduces power
633
For a fixed set of QTL allele effects, it is expected that power will Number of strains Number of strains Number of strains Number of strains Number of strains Number of strains with the greatest reduction occurring for bi-allelic QTL (Figure 8 The mean (A) and 95% quantile (B) of location error, the distance in Mb between the detected and simulated QTL, by effect size and number of strains for 1,000 simulations of each setting. The simulations are based on Definition B with an eight allele QTL, and only a single observation per strain. Cells are colored red to white with decreasing mean and blue to white with decreasing 95% quantile. Regularization of the means and 95% quantile was accomplished through averaging the observed results with pseudo-counts; see Figure   S3 for the raw measurements. Increasing the number of strains reduces the location error, both in terms of the mean and 95% quantile, more so than QTL effect size, also shown in Figure S6 . The maximum possible location error was 5Mb due to the 10Mb window centered around the true QTL position used for detecting QTL. The FPR increases due to population structure among the realized genomes of the CC strains in the presence of a background strain effect and no QTL. Curves are based on 10,000 simulations for each setting of strain effect and strain sample, based on a single observation per strain. The inflation in FPR is greater for all 72 CC strains, which includes two closely related cousin strains (CC051 and CC059). Removing CC059 reduces the inflation in FPR (gray line). The dashed red line marks the specified type I error rate of 0.05, which is approximately met as expected when no strain effect is simulated, as in Figure S2 . 
Figure 7
The Beavis effect (inflation of QTL effect size estimates) is more pronounced with smaller simulated QTL effect sizes and reduced numbers of strains. For different settings of numbers of strains (40, 50, 60, 72) and simulated QTL effect sizes (20%, 30%, 40%, 50%, 60%, 70%), black dots plot the ratio of the estimated effect size at a detected QTL peak to the effect size that was simulated at the true QTL locus. Out of 1,000 simulations under each setting, only successful detections are shown. Black diamonds represents the mean ratio for a category; horizontal red dashed line marks a ratio of 1, when QTL effect size estimates are unbiased (i.e., no Beavis effect). founder haplotype counts at the locus.
